The process whereby bacterial cultures are alternately grown and then irradiated (y-radiation) through several ' cycles ' has been studied as a means of developing radioresistant cultures of Escherichia coli I. The nature of the environment at the time of irradiation influenced the extent of development of radioresistance. Radioresistance development was higher when the bacteria were irradiated in an organic environment than in an inorganic environment. It is not thought that radioresistant mutants would be produced in high numbers by this type of process during a dose-fractionation procedure of food irradiation.
I N T R O D U C T I O N
The development of radiation-resistant strains of micro-organisms may play an important role in determining the effectiveness of the radiation-processing of foods. The work of Gunter & Kohn (1956) suggested that when a cell population consists of a mixture of comparatively sensitive and resistant cells, radiation can be expected to select the more resistant cells. Several authors have shown that radiation-resistance may be induced in microbial populations where radiation survivors are repeatedly grown and exposed to further doses of radiation. Erdman, Thatcher & MacQueen (1961) reported that specific bacteria of public-health significance could be induced to develop radiation-resistance by the repeated y-irradiation of radiation survivors in cultures when using doses which destroyed a high proportion of the population. Erdman et al. (1961) developed radioresistance in Escherichia coli and Streptococcus faecalis cultures, but not in Clostridium botulinum type E or Salmonella gallinarum. Gaden & Henley (1953) obtained an increase in resistance of E. coli strains B and B/R by repeated y-irradiation of survivors (although the same workers obtained an increased radiation-sensitivity with E. coli strain I 5). Increased radioresistance, which was a stable character, was developed in Saccharomyces cerevisiae by Maisin, Lambert & van Duyse (1955) Gaden & Henley (1953) showed that during the course of resistance-development a plateau was attained beyond which no further increase in resistance to a constant dose could be obtained. 
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Erdman et al. (1961) showed that the radioresistance developed in cultures of Streptococcus faecalis and Escherichia coli was a ' true ' radiation-resistance, and not a resistance to the possible toxic effects of reaction products from free radicals produced during the irradiation. Following the attainment of resistance-development plateaus, the S. faecalis and E. coli cultures were 1-6 times and 1-9 times more resistant than the respective parent cultures. Subsequently, Dr I. E. Erdman (1962; personal communication) showed that it was possible to extend the degree of radioresistance in such cultures by increasing the radiation doses at each plateau level. The development of the ' y ' series of radioresistant E. coli strains by Erdman (cited by Idziak & Thatcher, 1964) was based on this procedure, the dose being increased at each ' y ' level (or plateau) during multiple cycles of growth and irradiation to produce several distinct radioresistant cultures showing a progression in increased radioresistance. The details of the experimental procedure published by Erdman et al. (1961) were limited and were not in total agreement with those given in the personal communication from Dr I. E. Erdman. The purpose of the experiments described in the present paper was to establish a reproducible procedure for carrying out a series of growth-irradiation cycles on cultures of E. coli; and also to investigate the effect of growth medium and irradiation environment on radioresistance development. The work was not concerned with obtaining a maximal resistant development, but rather to compare radioresistance development in three well-defined series of experiments using the same radiation dose and the same limited number of cycles in each series. No attempt was made to reproduce the extreme radioresistance found by Erdman.
Growth-irradiation cycle. A growth-irradiation cycle is defined as the process initiated by the inoculation of the medium, the subsequent growth of the culture, the irradiation, followed by the immediate inoculation of fresh medium with the irradiated bacteria. It may be represented thus: Samples (30 ml.) of cultures grown to the stationary phase were irradiated in a specially constructed glass vessel. The vessel, 5 cm. diam. and 7-5 cm. high, was equipped with gassing inlet and outlet ports in the removable lid. Irradiations were performed at room temperature under aerobic conditions, oxygen (British Oxygen Co. Ltd.) being bubbled into the suspension before and during the irradiation at the rate of 0.4 l./min.
A dose of 15 krads was selected for use in the cycling procedure, and I ml. samples were removed aseptically from the irradiation vessel before and after the radiation dose was given. These samples were transferred to 60 ml. fresh medium, and the cultures (which became the control (c) and test (t) cultures) were incubated in the standard manner. The test culture had now undergone one growth-irradiation cycle. After incubation for 12 hr the irradiation process was repeated on the test culture and a I ml. sample removed to fresh medium; the control culture was also sampled into fresh medium. The cycling process was repeated until 7 growth-irradiation cycles had been completed. Cultures were stored on plates of the appropriate solid medium, and test and control cultures at this stage were designated t 7 and c 7, respectively.
It was found essential to adopt rigorous aseptic techniques throughout each series of cycles to avoid contamination of master cultures. All procedures, apart from irradiations, were done in a previously fumigated laboratory. Estimation of growth. Growth was measured as the increase in extinction at 600 mp by using a Unicam S.P. 600 spectrophotometer and I cm. glass cells, reading against a sterile medium blank. For growth estimations during the cycling procedures, duplicate cultures were used to eliminate the chance of contaminating master cultures of the control and test by repeated sampling during the incubation.
Radiosensitivity estimates, by colony counts. Suspensions of organisms were irradiated at a population density corresponding to an Esoo of 1.5. Colony counts were made by the pour-plate method, with TGY agar as the recovery medium. Plates were incubated at 37' and colonies counted after 24 hr, and checked after further incubation. Counts were made in triplicate.
RESULTS
Growth-irradiation cycle procedures were designed in three series so that growth medium and irradiation environment could be varied.
Series A
Growth medium : nutrient broth + 0-3 % (w/v) yeast extract. Irradiation environment : bacteria irradiated in the growth medium.
Establishment of the radiation dose to be used during the process. Figure I shows the results of the radiosensitivity estimate made on 30 ml. of a culture in the stationary phase of growth. Survival (%) is plotted on a log,, scale against the dose. The D,, value (decimal reduction dose) for bacteria under these conditions was 4-8 krads, suspensions and transferred to 60 ml. nutrient broth+ 0.3 yo (w/v) yeast extract in 500 ml.
Erlenmeyer flasks. Flasks were incubated, with shaking, at 37". Samples were removed aseptically at intervals for Esoo determination against a medium blank. 0, Control; @, irradiated-I 5 krads.
and a dose of 15 krads inactivated slightly over 99.9 yo of the original population;
this dose was selected as the radiation dose to be used during subsequent growthirradiation cycle procedures. Figure 2 shows the effect of 15 krads on the bacteria under the conditions of series A, assessed by post-irradiation growth. This was done to establish at what time the bacteria again approached the stationary phase of growth so that they could be reirradiated. After incubation for I 2 hr bacteria surviving irradiation had passed through the exponential growth phase and approached the stationary phase. It was decided that cultures could be re-irradiated 12 hr after the initial irradiation and subculture. Throughout subsequent cycling procedures, irradiations were done after incubation for 12 hr. Fig. 3 show a marked development in radioresistance in the t 7 culture cornpared with the c 7 culture. D,, values were, respectively, 7.3 krads and 5-3 krads, and according to the difference in these values the increase in radioresistance was 38 yo after 7 cycles. The control Dlo value was found to be increased from 4-8 to 5-3 krads following 7 cycles without irradiation. No real explanation can be suggested for this phenomenon, and the increase did not affect the result since yo increase in radioresistance was derived from test and control D,, values after 7 complete cycles.
The progressive development of radioresistance with increasing number of cycles was also apparent in the post-irradiation growth curves plotted during various cycles. Figure 4 shows that while the curves for the test culture are gradually displaced in time towards the y axis with increasing number of cycles, the curves for control cultures are not displaced. This provides a clear indication of the development of resistance, for it is to be expected that the more resistant cultures will be less affected by the same dose of radiation, and hence grow more quickly than the initial irradiated culture. The method also indicates that the development of radioresistance is progressive (though irregular) and suggests a process of selection. The time required for the test culture to reach a 1og,,E6,, value of ?1-5 was 10 hr after the first irradiation, but only 5-5 hr after the seventh irradiation.
Series B
Growth medium : nutrient broth + 0.3 yo (w/v) yeast extract. Irradiation environment: M / I~ phosphate buffer (PH 7'0). This series of experiments was done as a control for series A, to determine the effect on radioresistance-development of irradiating bacteria in the presence of the organic medium and metabolic products. The experimental procedure was as in series A, except that before irradiation, the bacteria were harvested from the medium by centrifugation (6000 g for 10 min.), washed and suspended in the buffer to the original volume. Control cultures were similarly treated. Cultures were again taken through 7 complete cycles, and were then stored on TGY agar at 4". Both c 7 and t 7 cultures appeared pure when examined by microscope, and were morphologically the same. Dlo values calculated from the dose-survival curves for these cultures (Fig. 5) were 5.7 krads and 6.8 krads for the c 7 and t 7 cultures, respectively. The % increase in radioresistance according to these values was 19 %. The post-irradiation growth curves obtained during cycling in this series (Fig. 6 ) are comparable to those obtained in series A (Fig. 4) ; however, according to colony-count estimations the development of resistance in series B was in fact only half that in series A for the same number of cycles. This appreciably lower development of resistance in series B suggests that in series A there was an effect of the medium which resulted in an enhancement of resistance development when the bacteria were irradiated in the presence of the medium or metabolic products.
Series C
This series of growth-irradiation cycles was made with a medium lacking yeast extract (YE), to determine whether or not this supplement had any effect on resistance development. Haas & Doudney (1957) showed that cultivation in the presence of YE could increase the mutational response of Escherichia coli to U.V. radiation. The medium also lacked nutrient broth.
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Growth medium : mineral salts medium M 63 + 0.4 % (w/v) glucose. Irradiation environment : bacteria irradiated in the growth medium.
Growth-irradiation cycles were done in the standard way, and after seven completed cycles c 7 and t 7 cultures were subcultured on medium M 63-glucose agar and stored at 4". Other details as in Fig. 3 . 0, Control culture; 0, test culture. Survival curves plotted in Fig. 7 show that D,, values for c 7 and t 7 cultures were 16.5 krads and 8-8 krads, respectively, representing an increase in radioresistance of 35 %. Figure 8 illustrates the progressive development of radioresistance during the cycling procedure as seen by post-irradiation growth measurement. The survival curves for c 7 and t 7 cultures in Fig. 7 exhibit marked shoulders over the first part of .the curves. The concentration of glucose in the growth medium was relatively high (0.4% w/v), so the shoulders in both curves may represent the established glucoseeffect (Hollaender, Stapleton & Martin, 1951).
DISCUSSION
The radiation doses used throughout the cycling procedures were comparatively high (initially inactivating over 99% of the population in each series), and it seems likely that the process of radioresistance development was one of selection rather Other details as in Fig. 3 . 0, Control culture; 0 , test culture. Fig. 8 . Escherichia coZi I. Development of radioresistance during the growth-irradiation cycle process, as shown by post-irradiation growth (series C). Samples (I ml.) were removed from cultures in mineral salts medium M 63 + 0.4 % (w/v) glucose immediately following the 15 krads dose in the st, 3rd and 7th cycles. The samples were inoculated into 60 ml. fresh medium, which was incubated with shaking at 37". Samples from corresponding unirradiated controls were similarly treated. Eaoo values were determined against sterile medium blanks at intervals during the incubation. 0, 0 , 1st cycle; 0, m, 3rd cycle; A, A, 7th cycle.
Open symbols, irradiated ; closed symbols, unirradiated controls.
than one of progressive radio-adaptation. It is proposed that variations in experimental technique (particularly radiation doses, growth media, irradiation environment, growth phase of cultures) may partly explain the variable findings of other workers; and further that this explanation may allay scepticism about the process of repeated irradiation of survivors as a method of obtaining increased and stable radioresistance. The progressive development in radioresistance (particularly in series A and C ) appears to be step-wise, though irregular. The post-irradiation growth curves obtained during various growth-irradiation cycles suggest that there might be a
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' 0 5 threshold number of cycles after which resistance development becomes more rapid. This is indicated by the fact that growth curves in the 3rd cycle were not far removed from those of the 1st cycle, while the positions of the curves during the 7th cycle in these cases showed a very marked resistance development between the 3rd and 7th cycles. Post-irradiation growth curves provided further evidence for the development of radioresistance as, in each case, a dose of 15 krads in the 1st cycle caused a phase of post-irradiation cell lysis, whereas in the 7th cycle the bacteria were not affected to the extent that a lytic phase was observed. The effect of 15 krads in the 7th cycle was merely to introduce an apparent post-irradiation lag phase before exponential growth proceeded. The post-irradiation growth curves also suggest that a plateau in resistance development was being approached for the constant dose of 15 krads after 7 cycles.
Post-irradiation growth curves after 7 cycles approach the control curves (representing the growth of unirradiated cells), and it is unlikely that under such experimental conditions (immediately following a dose of I 5 krads) post-irradiation growth curves would show a displacement past the unirradiated control growth curves. The varying reports in the literature on the radiosensitivity of a particular species of micro-organism can often be accounted for by variation in factors such as the strain of organism, growth phase, and conditions before, during, and after irradiation. However, the results presented in the present paper show that there was a definite increase in radioresistance in each test culture, and that the radioresistance developed was genuine as in each case the radioresistance of the test culture was compared with that of the corresponding control culture (taken through the same cycling procedure, without irradiation). Thus yo increase in radioresistance in each series, obtained after a limited number of cycles, was shown for the experimental conditions of each series. Variations in conditions among experimental series were kept to a minimum by establishing, and adhering to, an experimental procedure which was repeated in each series. In this way any differences between each series of experiments were purposely designed, and thus differences in results from one series to the next were assumed to be due to imposed experimental differences.
The yo increase in radioresistance following 7 growth-irradiation cycles was comparable in series C to that in series A. This indicates that the development of radioresistance in these experiments did not necessarily require the presence of yeast extract in the growth medium or irradiation environment. It would seem that the presence of organic metabolites and metabolic products, not necessarily from yeast extract, in the irradiation environment of series A and C may have influenced a greater development in radioresistance than in series B, where the irradiation environment was inorganic. This is supported by the fact that radioresistance developed in series A and C was approximately twice that developed in series B. The effect of enrichment of pre-irradiation culture media, particularly with glucose, leading to increased radioresistance has been widely reported (Hollaender et al. 1951 ; Stapleton & Engel, 1960). The results presented in the present paper, however, suggest that the nature of the environment at the time of irradiation becomes a contributing factor in radioresistance development by the process described. It is conceivable that the two organic environments (in series A and C), by virtue of their relative complexity, might be more mutagenic under irradiation than the inorganic buffer environment (series B).
The development of radioresistance by the growth-irradiation cycle process is dependent on the growth of radiation survivors such that a large population density is reached before the next irradiation. The population attained might be expected to consist of bacteria representing a range in radiosensitivity. A progressive increase in radioresistance, obtained with increasing number of cycles, would require that this population should contain a high proportion of radioresistant bacteria which might be further selected by irradiation.
With the increased application of dose-fractionation processing in the irradiation of commercial goods, there arises the possibility that the repeated irradiation of the survivors of the initial dose might lead to the development of radiation-resistant micro-organisms through a mechanism analogous to that in the growth-irradiation cycle procedure. However, the results of the investigations reported in this paper suggest that it is unlikely that such a problem of resistance development will be encountered for two reasons: (a) development of resistance is dependent on several cycles : fractionation processes would rarely attain the number of irradiations warranted ; (b) radioresistance development is dependent upon a substantial period of growth and multiplication of surviving bacteria between each irradiation. It is unlikely that a dose fractionation process would permit such growth of surviving bacteria, at least not to a high concentration, since inter-irradiation growth would require suitable conditions of temperature, pH value, nutrient supply and time. If dose-fractionation radiation-processing is applied to food products where it is conceivable that radioresistant development might be encouraged in radiation-survivors, particularly in unpackaged products, the danger could easily be averted by holding the products at low temperatures between successive radiation doses.
